A B S T R A C T Human skin fibroblasts synthesize and accumulate glycosaminoglycans (GAG). Recently, we reported that fibroblasts incubated in thyroid hormone-deficient media accumulate more GAG than do cultures incubated in the same media enriched with 0.1 ,uM triiodothyronine (T3) ( . Endocrinology. 108: 2397 
INTRODUCTION
Thyroid hormone modulates many aspects of cellular metabolism (1, 2) . In man, hypothyroidism is characterized by a constellation of clinical signs and symptoms, including growth failure and mental retardation (3) . In severe, long-standing hypothyroidism, there is a tendency for the deposition of mucinous material in skin, resulting in a characteristic nonpitting edema; This material is composed of acid mucopolysaccharides (glycosaminoglycans, GAG),' complex polysaccharides normally found in small amounts (4) .
Human skin fibroblasts offer the experimentalist an easily accessible tissue that can be propagated in culture and retain many of the phenotypic expressions typical of differentiated cells. Several biological aspects of the skin fibroblast have been studied in recent years. They are known to retain hormone receptors for triiodothyronine, dexamethasone, insulin, and androgen (5) (6) (7) (8) . Responses to several hormones including glucocorticoids, prostaglandins, cathecholamines, and insulin have been demonstrated in fibroblasts (9) (10) (11) (12) (13) . ' Abbreviations used in this paper: BS, bovine serum; D-FCS, thyroid hormone-depleted FCS; D-FCS + T3, D-FCS to which T3 was added; FCS, fetal calf serum; GAG, glycosaminoglycans; HA, hyaluronic acid; T3, triiodothyronine, T4, tetraiodothyronine or thyroxine; Tx-BS, BS from thyroidectomized animals; Tx-BS + T3, Tx-BS with added T3; UDPGlcNAc, uridine disphosphate-N-acetyl glucosamine; UDPGJcUA, uridine diphosphate glucuronic acid.
Little is known about the effect of thyroid hormone in human skin fibroblasts. Current information can be summarized as follows: (a) The two metabolically active thyroid hormones, thyroxine (T4) and triiodothyronine (T3) are transferred from medium to cells. This cellular uptake of hormone is directly pr6portional to the concentration of free T4 and T3 in the medium (14) ; (b) As in other tissues, metabolism of thyroid hormones by fibroblasts involves a conversion of T4 to T3 (14) ; (c) Fibroblasts possess high affinity nuclear binding sites for T3 (5, 15) ; and (d) Observed biologic effects of thyroid hormone include stimulation of growth (16) , glucose utilization (14, 17) , lactate production (17) , and degradation of low density lipoproteins (18) .
Recently, we reported that thyroid hormone inhibits the accumulation of GAG in a human skin fibroblast culture incubated in a thyroid hormone-deficient medium (19) . The current report describes subsequent studies in fibroblast cultures from several individuals, which were undertaken to determine the kinetics, specificity, reversibility, and dose dependence of this inhibition, as well as to ascertain whether the accumulation of GAG was the result of a changed rate of synthesis or degradation. [3H]Leucine (5 uCi/ml) was added to the culture medium 24 h before harvesting in an experiment that examined the effect of T3 on protein synthesis. Finally, in the pulse-chase experiment, 60 uiCi of [3H]acetate were added in 4 ml of medium per plate and the labeling time was shortened to 12 h. Following three washes of the cell layers with 10 ml serumless medium, 4 ml of the corresponding serum-contaiming media, devoid of isotope but with 1 mM unlabeled acetate, was added and incubation carried out for various times over 63 h.
METHODS

Materials
Quantification of [3H]GAG accumulation. After labeling, the medium was removed,. the cell layer was washed with serumless medium and then disrupted by sonication (sonifier, model 183, Branson Sonic Power Co., Danbury., CT) in 3 ml of 0.1 N NaOH. After removal of an aliquot of the cellular material for protein determination (21), the cell layer and medium were combined, neutralized with HCI, and digested with 1 mg/ml pronase in 100 mM Tris buffer pH 8.0 at 500C for 16 h, in the presence of 250 ,ug of both hyaluronic acid (HA) and chondroitin sulfate, which were added as carriers. After cooling on ice, trichloroacetic acid (TCA) was added to a final concentration of 5% and the samples were allowed to precipitate for 1 h. After centrifugation at 10,000 g for 10 min, the nonprecipitable material was dialyzed extensively against water at 40C and then ly- fold variation in the absolute amount of [3H]GAG accumulation, the proportional decline as a result of T3 addition ranged from 39.5 to 60.3% and did not correlate with the absolute magnitude of [3H]acetate incorporation. The figure also shows that the inhibitory effect of T3 was reproduced when the hormone was added to either of the two types of hormone-depleted sera, D-FCS or Tx-BS ( Fig. IA and B) .
To (Fig. 3) . This reversal was maximal by 72 h. Because a maximal effect was noted within 72 h of culture in the thyroid hormone-deficient medium, most experiments were conducted after exposure to the hormone-deficient medium, (D-FCS or Tx-BS) for 3 d.
Various amounts of T3 were added to cultures incubated in D-FCS-supplemented medium (Fig. 4) . The greatest amount of [3H]GAG accumulation occurred at the lowest concentration of T3 (0.06 nM), which represents residual hormone after resin treatment of the FCS. 73% of the maximal inhibitory effect of T3 was observed at a concentration of 0.16 nM, which was similar to that found in media supple- mented with untreated FCS. The addition of T3 in concentrations from 1 to 100 nM resulted in no further inhibition. Similarly, the addition of up to 100 nM T3 to cultures maintained in FCS resulted in no consistent change. Fig. 5 contains data from an experiment involving skin fibroblasts from four individuals. Following confluence, cultures were exposed for 3 d to media supplemented with 10% Tx-BS without or with 0.1 uM T3. 24 (25) , cell density and transformation (26) , and has been correlated with such cellular metabolic events as cyclic AMP accumulation (27) . The biological role of these complex sugars, however, has yet to be fully understood. There is evidence that they are important in cell attachment to substrate, communication with other cells, and, perhaps, insulate cells from chemical perturbations in the surrounding milieu (28) .
Human skin fibroblasts are known to elaborate large amounts of GAG, most of which is HA, with considerably smaller amounts of chondroitin sulfate, heparan sulfate, and dermatan sulfate (26) . A large proportion of HA synthesized in the cells is extruded into the medium (26, 29) . Many aspects of HA synthesis are not well understood. Chain elongation, by sequential transfer of G1cUA and G1cNAc from their UDP donors, is independent of protein synthesis. Human skin fibroblast hyaluronidase has not been identified (30) . This is not true of some animal fibroblast systems (31) .
Our interest in the effect of thyroid hormone on GAG was prompted by in vivo observations (3, 4) The inhibitory effect of thyroid hormone on GAG synthesis was reproducible using cultures from the same subject, and was present in fibroblast cultures from four other normal individuals. The dose range of T3 which inhibits GAG synthesis was similar to that stimulating cytoplasmic growth hormone mRNA accumulation and growth hormone synthesis in rat pituitary cells (32, 33) . Changes were observed between the subphysiological levels of T3 (0.4 and 0.5 pM of free T3) and the physiological range of concentrations (1.6-2.1 pM of free TO). The effect is due to T3 rather than to other serum components, since it was observed in the presence of normal FCS depleted of thyroid hormone by resin treatment as well as with untreated BS obtained from a thyroidectomized animal. The relatively rapid reversibility of the effect of hormone deficiency and lack of effect on total protein synthesis suggest that, under the culture conditions chosen, thyroid hormone absence per se does not have generalized "toxic effects". Because hormone perturbations were made only after confluence and contact inhibition was achieved in normal growth conditions, the effects seen are those on a resting, nondividing population of cells. This strategy allows the assessment of nongrowth-related hormone responses. Since GAG accumulation per cell is known to vary with the phase of growth to confluence (26) , uniformity in culture density is essential if conclusions are to be drawn regarding a primary hormone effect on GAG.
Estrogen and testosterone, as well as thyroid hormone, have been shown to have a variety of effects on GAG accumulation in different tissues (4, (34) (35) (36) (37) The finding of thyroid hormone inhibition of GAG synthesis prompts some speculations as to what effects, if any, the hormone may have upon other macromolecular metabolism. Preliminary work in this laboratory suggests that collagen accumulation may also be stimulated under T3-deprived conditions (unpublished observations). These effects are perhaps related to common pool shifts or possibly to a coordinate shift in cellular energy expenditure in the compromised cell. Fibroblasts obtained from patients with Marfan's syndrome are also known to elaborate greatly increased amounts of HA when compared with normal controls (29) . The increase appears to be due to enhanced rates of synthesis (38) analogous to the situation depicted here. The notion that a common mechanism for the two different entities exists is an intriguing one.
The present data suggest that thyroid hormone regulates GAG synthesis and accumulation in a dose-and time-dependent manner in vitro consistent with previously reported thyroid-sensitive metabolic events. Casting this hormone in the role of an inhibitor is somewhat contrary to the pervasive attitude that it is a stimulator. Recent reports that erythrocyte membrane Ca++-ATPase activity from mature rats is inhibited by T3 (39) and that thyroid hormone both enhances and inhibits pretranslational events (40) , together with the results reported here, shed new light upon the complexities of hormone-regulated gene expression in mammalian cells.
